abstract: Clades diversify in an ecological context, but most macroevolutionary models do not directly encapsulate ecological mechanisms that influence speciation and extinction. A data set of 245 chordate, arthropod, mollusk, and magnoliophyte phylogenies had a majority of clades that showed rapid lineage accumulation early with a slowing more recently, whereas a small but significant minority showed accelerated lineage accumulation in their recent histories. Previous analyses have demonstrated that macroevolutionary birthdeath models can replicate the pattern of slowing lineage accumulation only by a strong decrease in speciation rate with increasing species richness and extinction rate held extremely low or absent. In contrast, the metacommunity model presented here could generate the full range of patterns seen in the real phylogenies by simply manipulating the degree of ecological differentiation of new species at the time of speciation. Specifically, the metacommunity model predicts that clades showing decelerating lineage accumulation rates are those that have diversified by ecological modes of speciation, whereas clades showing accelerating lineage accumulation rates are those that have diversified primarily by modes of speciation that generate little or no ecological diversification. A number of testable predictions that integrate data from molecular systematics, community ecology, and biogeography are also discussed.
by myriad speciation processes (Dobzhansky 1937; Mayr 1942; Howard and Berlocher 1998; Coyne and Orr 2004; Gavrilets 2004 ). However, not all new lineages persisted to the present: many lineages have become extinct because of temporal changes in abiotic conditions (e.g., climate change) or interactions with other lineages in the ecological systems in which they are embedded (Raup 1991; Lawton and May 1995) . Thus, the ecological dynamics of community assembly define the macroevolutionary processes that shaped patterns of clade diversification (e.g., Ricklefs 1987 Ricklefs , 1989 Ricklefs and Schluter 1993; McPeek and Brown 2000; Stoks and McPeek 2006) .
When considered in this ecological context, speciation and extinction dynamics of component clades are not expected to be constant. For example, a lineage may initially diversify in a relatively empty ecological milieu (e.g., when a species evolves a new key innovation, enters a new "adaptive zone," or colonizes a relatively empty environment with few ecological competitors [Simpson 1944 [Simpson , 1953 MacArthur 1965; Walker and Valentine 1984; Schluter 2000; Gavrilets and Vose 2005] ). Speciation rate may thus initially be high as the clade ecologically diversifies to fill the available niche space, but speciation rate should slow and eventually cease as more niches become occupied (MacArthur 1965; Rosenzweig 1978; Pimm 1979; Walker and Valentine 1984; Brown 1995; Schluter 2000; Gavrilets and Vose 2005) . Speciation rate may also be a declining function of either the density or the frequency of a particular lineage under other speciation modes as well (e.g., Hubbell 2001) . After all niches are filled, new species can enter only if previously filled niches became vacant, if the new species can displace an existing species (MacArthur 1965; Jablonski and Sepkoski 1996) , or if new ecological niche opportunities are created by diversification in other clades (Odling-Smee et al. 2003) . In parallel, extinction rate may increase as niche space fills and thus forces interactions with a more diverse species assemblage. Whether a particular species will ultimately persist in the assemblage will be defined by whether they are able to coexist (in the strict mathematical sense) with the other species comprising the local community (Chesson 2000) .
Even species that cannot persist indefinitely in the community may nonetheless have important effects on community structure that shape macroevolutionary processes and thus the resulting patterns of clade diversification. Many modes of speciation may produce new species that are ecologically very similar to their progenitors (e.g., sexual selection, as in the Hawaiian Drosophila or African lake cichlids [Kaneshiro 1988; McKaye 1991; Boake et al. 1997; Seehausen et al. 1997; Turner et al. 2001; Ready et al. 2006] ; autotetraploidy [Ramsey and Schemske 1998, 2002] ; chromosomal rearrangements [King 1993 ]), while others may make phenotypes that are ecologically divergent from their progenitors but without regard to the available niches in the system (e.g., allotetraploidy and hybridization [Barrett 1989; Rieseberg 1997]) . In lineages where these speciation modes predominate, transient species that are being driven to extinction or randomly walking to extinction may be common at any given time (Hubbell 2001; Chave 2004; Leibold and McPeek 2006; McPeek 2007) . In addition, extinction dynamics will be influenced by the rate at which such species are introduced into the community and by the degree of their ecological differentiation from those that are best adapted to the available ecological opportunities (McPeek 2007) .
These dynamics should be apparent in taxa that have a detailed fossil record, but extremely few taxa have such records. Species-level molecular phylogenies offer an alternative data source for the dynamics of clade diversification, but like the fossil record, molecular phylogenies also have some shortcomings as records of clade diversification. Molecular phylogenies can reconstruct the phylogenetic relationships only among extant species; the phylogenetic positions and durations of extinct species are invisible to these analyses. However, molecular phylogenies are not blind to extinction dynamics; the interplay of speciation and extinction shapes the tempo of diversification that is recorded in molecular phylogenies (Harvey et al. 1994; Nee et al. 1994a) . A number of phylogenetic studies of specific taxa now suggest that lineage accumulation rates in many clades are more rapid early in their histories and slow appreciably as they approach the recent, which would be consistent with scenarios of either slowing speciation rates or accelerating extinction with increases in clade age or diversity (Harmon et al. 2003; Shaw et al. 2003; Kadereit et al. 2004; Machordom and Macpherson 2004; Morrison et al. 2004; Williams and Reid 2004; Xiang et al. 2005; Kozak et al. 2006; Weir 2006; Phillimore and Price 2008) . In contrast, other studies have reported accelerating lineage accumulation rates as clades have approached the recent (Barraclough and Vogler 2002; Linder et al. 2003; Turgeon et al. 2005) . However, taxon sampling for phylogenetic studies and the methods used to estimate phylogenies can introduce biases and artifacts into these patterns (Nee et al. 1992 (Nee et al. , 1994a Pybus and Harvey 2000; Revell et al. 2005) . Thus, molecular phylogenies could potentially be a primary data source to test the importance of various macroevolutionary processes in shaping our extant biota, but such data must be examined cautiously.
In this article, I examine the patterns of diversification illustrated by the species-level molecular phylogenies of a broad survey of 245 clades of animals and plants. I then attempt to re-create the diversification patterns seen in these real phylogenies using a metacommunity model of species interactions with clade diversification. The results of the metacommunity model show that simply varying the degree of ecological diversification generated at the time of speciation can account for the full range of patterns seen in the diversification of real clades. The analysis of this metacommunity model also suggests testable hypotheses about the phenotypic variability, community structure, and biogeography of these real clades.
Patterns in Real Phylogenies
To examine the natural patterns of diversification recorded in the phylogenies of extant clades, I analyzed the specieslevel molecular phylogenies in a recently constructed data set (all trees included in this analysis and relevant data about them are available as an Excel file or a tab-delimited ASCII file; see also McPeek and Brown 2007) . I searched journals that routinely publish molecular phylogenies for articles that presented species-level phylogenies. To be included in this study, the article had to meet certain criteria. For this analysis, the relevant criteria were as follows: (1) ∼50% or more of the species thought to be members of the clade had to be included in the analysis and (2) a phylogeny showing branch lengths calibrated to time or proportional to molecular (nucleotide or amino acid) substitution rate and a scale translating branch lengths into time or substitution rate must have been presented. These criteria were enforced because I was interested in developing an accurate picture of the rate of lineage accumulation through the history of a clade (Nee et al. 1992 (Nee et al. , 1994a Harvey et al. 1994; Pybus and Harvey 2000) . Incomplete taxon sampling will disproportionately leave internal nodes nearer the root of the phylogeny than near the tips, which will result in a false account of lineage accumulation over the history of a clade. Moreover, biased taxon sampling that explicitly tries to maximize the breadth of species sampled across the phylogeny will also strongly distort lineage accumulation rates (Nee et al. 1994a) ; studies in which the authors alluded to such biased sampling were also rejected from this analysis, even if they met the 50% sampling criterion. Chronograms (i.e., phylogenies with branch lengths calibrated to time) were preferentially chosen if presented in articles. For articles that did not present chronograms, only trees produced by neighbor joining, maximum likelihood, or Bayesian analyses that produce branch length estimates proportional to the rate of nucleotide or amino acid substitutions were selected. Final trees in the data set included one branch for each putative species. Subspecies were combined into a single species. The resulting data set contained a total of 245 phylogenies meeting these two criteria-of which 182 could be calibrated to time using molecular clock estimates-and included 55 arthropod phylogenies (42 calibrated to time), 140 chordate phylogenies (111 calibrated), 11 mollusk phylogenies (9 calibrated), and 39 magnoliophyte phylogenies (20 calibrated). Please see the Excel file or the tab-delimited ASCII file for a full listing of the articles and the resulting data, and see McPeek and Brown (2007) for a full description of how data were extracted from the phylogenies.
For those phylogenies that could be calibrated to time, I used the time-calibrated distance from the root to the tips of the phylogeny as the estimate for clade age, and I estimated diversification rate for each phylogeny by calculating l according to equation (7) of Nee (2001) . The parameter l is a standard measure of diversification rate for molecular phylogenies that assumes speciation but no extinctions (Baldwin and Sanderson 1998; Nee 2001 ) and has units of (10 6 years) Ϫ1 . Molecular phylogenies record the rate of accumulation of lineages that survive into the present. Therefore, I also calculated g, a metric of whether the rate of lineage accumulation changes over the history of a clade (Cox and Lewis 1966; Pybus and Harvey 2000) . The parameter g is insensitive to the units of branch lengths and so was calculated for all phylogenies. If a clade accumulated lineages at a constant rate throughout its history, (i.e., linearity for the relationship of g p 0 log(number of lineages) against time, i.e., a lineage through time [LTT] plot). If the lineage accumulation rate slowed appreciably over the clade's history, (i.e., this g ! 0 relationship has a steeper slope for the early history of the clade than in the recent past). Finally, if the rate of lineage accumulation accelerated in the recent past, (i.e., the g 1 0 relationship turns up in the very recent).
Previous analyses have shown that g can be biased toward more negative values if simple nucleotide substitution models are used when more complicated models that correct for multiple unseen mutations, differences in base frequencies, variation rates of different substitution types (e.g., transitions vs. transversions), the proportion of invariant sites, and rate heterogeneity among sites are more appropriate (Revell et al. 2005) . This is because more complicated substitution models disproportionately lengthen branches earlier in the phylogeny (Gojobori et al. 1982; Kuhner and Felsenstein 1994; Revell et al. 2005) . To test for this, I compared the distribution of g among the various models used to estimate phylogenies in this data set. Because incomplete taxon sampling can also bias the estimates of g (Nee et al. 1994a; Pybus and Harvey 2000) , I examined the correlation of g with the percent of species thought to be members of the clade that were included in the study.
The resulting data set showed little to no evidence of these biases. The parameter g did not differ among the various substitution models used to reconstruct the underlying phylogenies ( , , ), F p 1.27 df p 20, 224 P 1 .20 indicating that the potential biases identified by Revell et al. (2005) are not important in this data set. In addition, 56% of the clades in the data set included all known species, and 78% of the clades included 180% of the known species. Results of analyses of only the phylogenies with 100% species coverage were also quantitatively nearly identical to the results of analyses of the full data set. Moreover, g was uncorrelated with the percent of sampled species in a clade ( fig. 1A ; , , ) r p 0.01 df p 243 P 1 .85 and with clade age ( fig. 1B ; , , r p Ϫ0.01 df p 179 P 1 ; see also Phillimore and Price 2008) . .98
However, g was correlated with the number of species included in the phylogeny ( fig. 1C; , r p Ϫ0.22 df p , ). Phillimore and Price (2008) also found a 243 P ! .001 negative correlation between g and clade size in their survey of 45 bird clades, and they attributed this partly to the random distribution of speciation events; they argued that clades that quickly reach a large size will be those that have already experienced above-average diversification rates early in their histories. However, another bias is inherent here. The maximum magnitude of g is constrained by the number of species in the phylogeny. The parameter g is maximized for a star phylogeny and minimized for a phylogeny with one basal split and all branches except the basal two having length 0, and so g is constrained to the interval
where n is the number of species in the phylogeny (see fig. 1C ). This limit on magnitude is symmetrical about 0 and so does not bias g values to be positive or negative. Thus, because negative g values predominate across the entire range of clade richness ( fig. 1C ), this inherent constraint does not obviate the general picture that the majority of clades have , as previous studies and this g ! 0 one indicate.
Clades showed great heterogeneity in g across all phylogenies, ranging from Ϫ8.09 to 4.96. Figure 2 shows LTT plots for representative clades with extreme values of g. Across the entire data set, the average g was well below 0
Figure 1: Relationships between g and the percent of species thought to be members of the clade that were sampled to construct the phylogeny (A), the clade age (given in millions of years; B), and the number of species included in the phylogeny (C). The symbols in the key in C identify clades in the four major taxonomic groups represented in the data set. The dashed lines in C identify the minimum and maximum g values possible for a given number of species. Also, note that B has fewer data points than do A and B because clade age was available for only a subset of the clades in the data set. For ease of presentation, the abscissas for B and C are on logarithmic scales. Although the four major taxonomic groups all had representatives with values at both extremes ( fig. 3A ) and all averaged , chordates had the most negative average g ! 0 g, while mollusks had the least negative average g (tests for heterogeneity among the four groups: , F p 3.76 , ). However, these differences may be df p 3, 241 P ! .02 a function of sampling across the four taxa because the taxa represented by more clades in the data set had more negative g's.
A Metacommunity Model of Diversification
The above analysis provides a very striking picture of diversification for animals and plants. Each taxon shows a broad range of diversification histories among clades, but in general, the majority of clades showed a pattern of slowing diversification over time (
). This general patg ! 0 tern across major groups of animals and plants confirms the results of a number of taxonomically more limited analyses (see the first section of this article).
A number of theoretical analyses have explored whether macroevolutionary models of lineage diversification can generate these differences in lineage accumulation rate heterogeneity over the history of a clade. Very specific conditions are needed to generate clades with decelerating lineage accumulation rates (Nee et al. 1992 (Nee et al. , 1994a Rabosky 2006; Weir 2006; Phillimore and Price 2008; Rabosky and Lovette 2008) . If speciation and extinction rates are constant over most of a clade's history, it accumulates lineages at a rate proportional to speciation minus extinction rate, but the lineage accumulation rate accelerates near the recent-becoming proportional to just the speciation rate-because extinction has been unimportant for extant species (Nee et al. 1994a; Phillimore and Price 2008; Rabosky and Lovette 2008) . Thus, clades experiencing significant extinction rates typically have , whereas g 1 0 clades produced with no extinction are generally centered on (Nee et al. 1994a; Rabosky and Lovette 2008) . g p 0 However, implies a decreasing lineage accumulation g ! 0 rate over a clade's history, which intuitively would seem to be caused by either a declining speciation rate or increasing extinction rate with time or increasing species richness in the clade. Simulation studies have shown that if the speciation rate declines substantially over a clade's history and the extinction rate is held at 0 or very small values, clades with will be consistently produced g ! 0 (Weir 2006; Rabosky and Lovette 2008) . However, increasing the extinction rate over a clade's history produces with either constant or declining speciation rates g 1 0 (Rabosky and Lovette 2008) . Thus, these models of diversifying lineages with lineage-specific speciation and extinction rates find that extinction erases the signature of earlier diversification as lineages are pruned from the tree so that more recent events dominate the phylogenetic signal.
On the basis of these kinds of model results, declining speciation rates over the histories of clades have been favored as the cause of the preponderance of clades with and has been taken as evidence for adaptive radig ! 0 ations (e.g., Harmon et al. 2003; Weir 2006; Phillimore and Price 2008; Rabosky and Lovette 2008) . However, these model results imply that extinction rates were exceedingly low over the history of these clades as well (Rabosky and Lovette 2008), a conclusion that is difficult to square with the fossil record (e.g., Raup 1991; Gilinsky 1994; Alroy 1996; Stanley 1998 Stanley , 2007 Foote 2000) . Thus, these models may produce a false picture of the mechanisms that generated these real clades. The missing elements of these birth-death models of lineage diversification are the ecological contexts of speciation and extinction.
To investigate what ecological conditions could potentially generate the diversity of lineage accumulation patterns represented in real phylogenies, I studied the macroevolutionary dynamics of a model of species interacting and diversifying in a metacommunity of patches along an environmental gradient (McPeek 2007; see also Tilman 2004) . Each patch in the metacommunity occupied a random position along an environmental gradient. The dynamics of species i in patch j was governed by a form of the discrete logistic equation (Case 2000; Turchin 2003 ). In this model, all species were symmetrical competitors, and intraspecific competition and interspecific competition were equivalent (i.e., the standard competition coefficients are all 1.0). The carrying capacity of a species varied along the environmental gradient according to
where E j is the gradient position of patch j, is the * E i gradient position where species i has its highest carrying capacity, K opt is the carrying capacity at , and q is the * E i parameter determining the steepness with which the carrying capacity decreases away from the optimum; q p and for all species in all simulations pre-0.1 K p 5,000 opt sented here. Species differed only in their optimal positions along the gradient ( 's). The species with the largest K ij * E i for patch j was the superior competitor in patch j and would drive all other species locally to extinction in patch j if all immigration was prevented (Charlesworth 1994) . Throughout, I also assumed that 5% of each species disperses randomly among patches each iteration; dispersal rate had little effect on the results presented in this article (but see Mooers et al. 2007 for other model results where dispersal is important to diversification). Each iteration of the model consisted of regulating abundances in each patch and then dispersing a constant fraction of individuals of all species among the patches.
Each species had a constant probability of spawning a new species each iteration; in all results presented here, I have assumed a constant per-lineage speciation probability of 0.0001 each iteration. (In a previous analysis of this E276 The American Naturalist ], I used a speciation rate that was not a constant per-lineage probability but rather a constant probability of a speciation event happening per iteration.) The optimum for a new species i, , was determined by * E i drawing a random deviate from a normal distribution with zero mean and a specified standard deviation and *
(j )
E adding this random deviate to the of its progenitor. * E i Varying thus altered the degree to which new species * j E could be ecologically differentiated from their progenitors, with larger values permitting greater ecological differentiation. New species were established in a randomly chosen patch at . Extinctions occurred only because inter-K /100 ij actions with other species depressed a species' abundance to !1 in every patch. Each run of the simulation started with one species at its carrying capacities in all patches and a second species at in one randomly chosen K /100 ij patch. I performed 500,000 iterations for each replicate simulation and 100 replicates for each parameter combination. I maintained a phylogenetic record of species throughout each replicate to produce a phylogeny of the extant species at the end, and from these phylogenies I calculated the same set of metrics as above. Obviously, many other scenarios of speciation (e.g., each lineage may speciate with a probability proportional to its relative abundance in the metacommunity [e.g., Hubbell 2001] , vicariant events within the metacommunity may divide species into allopatric subunits within the overall system, or new species may be produced as they colonize underutilized patches [Gavrilets and Vose 2005] ) and extinction (e.g., extinction due to demographic stochasticity [Lande et al. 2003; Primack 2006] , mass extinctions [Erwin 2001; Jablonski 2001] , or simple bad luck [Raup 1991 ]) can be imagined and explored in the context of this model, but in this article, I chose to focus on this simple scenario. Future articles will consider these alternative situations.
Varying leaves a clear signature in phylogenies. I have * j E evaluated the speciation, extinction, and species richness dynamics of this model previously (McPeek 2007) , and so I summarize only these dynamics here and focus on their effects on g. When was large (e.g., in the * * j jp 0.1
E E
results presented here), replicates initially accumulated species until they reached a plateau in which the ecological gradient was relatively full. Successful species were those that had values nearer the gradient position of ≥1 * E i patches in the metacommunity. After reaching this plateau, only new species with closer to some patch environ- * E i mental value could invade and, in so doing, quickly drive some other species to extinction. Those new species that did not have closer to some patch environmental value * E i than others were themselves quickly driven to extinction. At the end of replicates, assemblages contained ecologically well-differentiated and coexisting species that completely filled the gradient (McPeek 2007) .
Thus, the macroevolutionary dynamics of these assemblages ( ) generally had an initial period of di- * j p 0.1 E versification in which most new species found a place in the metacommunity (i.e., niche-filling phase), followed by a slowing of diversification rate where most subsequent new species were unsuccessful and quickly driven to extinction, and those successful few generally displaced existing species (i.e., species replacement phase; for results from an explicitly genetic model of speciation with similar diversification dynamics, see also Gavrilets and Vose 2005) . Consequently, g calculated from the resulting phylogenies averaged ( ; test for difference Ϫ1.28 ‫ע‬ 0.10 mean ‫ע‬ 1 SE from 0.0, , , ), which quantifies t p Ϫ11.26 df p 98 P ! .001 this pattern ( fig. 3B ). Visual examination of replicate LTT plots confirmed this conclusion. Because extinction times were rapid, almost all species in the system were coexisting in the strict ecological and mathematical sense (sensu Chesson 2000) at any given time (McPeek 2007) .
As was decreased, the macroevolutionary dynamics * j E of clades and their resulting ecological structures of the metacommunity changed. As was initially decreased * j E (e.g., to values of 0.01 and 0.001 presented here), clades became less able to explore and fill the available gradient because new species were constrained to be more similar to their progenitors. In addition, times to extinction increased greatly because of species' ecological similarity, and so the frequency of transient species that were being slowly driven to extinction (what I will refer to as co-occurring species) increased and the frequency of coexisting species (i.e., those that could persist indefinitely in the system, given the current collection of species) decreased with decreasing (McPeek 2007 ), all new species were ecologically very similar to 0.0001 their progenitors, and so clades could not differentiate to any substantial degree along the environmental gradient. Moreover, times to extinction were quite long, and as a result, final assemblages contained phenotypically very similar species (based on ) that were mostly co-occur- * E i ring and not coexisting (i.e., most species present in the system at any given time were being very slowly driven to extinction by one or two others [McPeek 2007] ). The parameter g also shifted to average ( 1.91 ‫ע‬ 0.17 mean ‫ע‬ ), which was significantly 10 ( , , 1 SE t p 11.08 df p 54 ; fig. 3B ). P ! .001
Taken together, these results predict that clades in which ecological speciation is the primary mode creating new species (i.e., large) should generally show decelerating * j E diversification rates over the histories of clades (i.e., g ! ). Alternatively, taxa in which speciation is accomplished 0 primarily by modes that generate little ecological differentiation (i.e., very small) should have phylogenetic * j E histories that show accelerating diversification rates over their clade histories (i.e., ). g 1 0
Discussion
Alternative modeling frameworks of macroevolutionary dynamics offer contrasting explanations for the patterns of g seen in real phylogenies. One is the venerable approach of modeling speciation and extinction as lineagespecific probabilities and incorporating ecology into these rates by making them functions of either time or clade species richness (Raup et al. 1973; Gould et al. 1977; Sepkoski 1978 Sepkoski , 1979 Sepkoski , 1998 Raup 1985; Maurer 1989; Przeworski and Wall 1998; Nee 2006; Weir 2006; Phillimore and Price 2008; Rabosky and Lovette 2008) . This modeling approach is particularly appealing because methods now exist to estimate more complicated functional forms of these rates from phylogenies (Nee et al. 1994b; Nee 2006; Rabosky 2006) . Previous considerations of these models have shown that constant speciation and extinction rates across lineages are inconsistent with the branching structure and tree balance seen in real phylogenies (Heard 1992 (Heard , 1996 Mooers and Heard 1997) . The implication derived from these models in the present context is that speciation rates declined substantially over their histories and that extinction rates were exceedingly low throughout their histories for the majority of real clades (i.e., those with g ! ; fig. 3A ); any significant amount of extinction erases the 0 early signature of more rapid speciation (Weir 2006; Phillimore and Price 2008; Rabosky and Lovette 2008) . Alternatively, these models would account for those clades with as having experienced much higher extinction g 1 0 rates, regardless of the relationship of speciation rates over clade histories (Nee et al. 1994a; Rabosky and Lovette 2008) .
A declining speciation rate with increasing clade species richness is expected under many speciation mechanisms (see review in the first section of this article), and so this mechanism is typically invoked to explain declining diversification rates over the histories of clades (e.g., Nee et al. 1992; Harmon et al. 2003; McKenna and Farrell 2005; Weir 2006; Phillimore and Price 2008; Rabosky and Lovette 2008) . Declining origination rates with taxon richness are also apparent at higher taxonomic levels in the fossil record (e.g., Sepkoski 1998; Foote 2000; Kirchner and Weil 2000a, 2000b) . However, the prediction of low extinction rates for the majority of clades is more problematic. Of course, what is "low" is an empirical question that can be answered only by more focused examination using empirically parameterized models. However, the fossil records of most groups certainly provide a clear picture that extinctions at higher taxonomic levels (e.g., genera and families) are common and that background extinction rates (excluding mass extinction events) at these levels are nontrivial (e.g., Raup 1991; Gilinsky 1994; Alroy 1996; Stanley 1998 Stanley , 2007 Foote 2000) . If extinction rates could be measured at the species level in the fossil record, they could only be higher than at these higher taxonomic levels. Thus, the molecular phylogenetic results that diversification rates decline over the histories of a majority of clades ( fig. 3A ) would seem to be quite inconsistent with interpretations based on these models.
In contrast, the metacommunity model of species interactions presented here offers an alternative interpretation for the patterns of lineage accumulation seen in real clades. Specifically, these model results suggest that the degree of ecological differentiation generated at the time of speciation can account for much of the pattern of diversification recorded in the molecular phylogenies of animal and plant clades. This model also provides an alternative framework for understanding the dynamics of speciation and extinction that are recorded in fossils and molecular phylogenies (see also McPeek 2007) . The majority of real clades in the data set had phylogenetic patterns indicative of diversification via ecological speciation mechanisms (i.e., large), namely, those having * j g ! 0 E (see also Harmon et al. 2003; Linder et al. 2003; Shaw et al. 2003; Kadereit et al. 2004; Machordom and Macpherson 2004; Williams and Reid 2004; Rüber and Zardoya 2005; Kozak et al. 2006; Weir 2006; Phillimore and Price 2008) . Most phylogenies in the data set are of entire subgenera, genera, or families, suggesting that these patterns may result from lineages colonizing new adaptive zones to establish higher taxonomic groups (Simpson 1944) . Once in the new adaptive zone, lineages may have diversified to fill the available niche space according to diversity-dependent speciation and extinction modes (MacArthur 1965; Walker and Valentine 1984; Schluter 2000; Gavrilets and Vose 2005) . Broadscale analyses of origination and extinction rates in fossil animal genera are also consistent with these expectations: peaks in origination and extinction do not coincide (e.g., Kirchner and Weil 2000b) , and over the post-Paleozoic, both origination and extinction rates are "diversity dependent" (Foote 2000) . The results of the metacommunity model also illustrate that the ecological dynamics of species richness are not exactly recorded in the phylogeny of a clade. During most replicates in which new species could be well differentiated from their progenitors (e.g., ), species richness * j p 0.1 E initially increased rapidly up to a plateau that marked the end of the niche-filling phase; this corresponded to the initial period of rapid lineage accumulation. Thereafter in the species replacement phase, overall species richness remained relatively constant at a steady state equilibrium, with most new species being rapidly driven to extinction and only a few replacing existing species (McPeek 2007) . Thus, the more shallow increase in LTT plots during the species replacement phase reflects not the dynamics of species richness but rather the accumulation of lineages leading to extant species.
In addition, these model results show that the macroevolutionary dynamics recorded in a phylogeny do not necessarily reflect the true pattern of speciation and extinction. Again, rapid diversification at the base of a clade followed by deceleration is typically taken as evidence for the kind of rapid speciation during an initial adaptive radiation phase followed by a slowing of speciation rate as niches fill (Harmon et al. 2003; Weir 2006; Phillimore and Price 2008; . In contrast, the metacommunity model generated this same pattern not with elevated speciation probabilities in response to ecological opportunities but rather from a constant lineage-specific speciation probability and ecological modulation of extinction through species interactions. The genetically explicit model of ecological speciation studied by Gavrilets and Vose (2005) showed these same lineage accumulation dynamics. They too attribute the concentration of speciation events in the early history of a clade to the greater ecological opportunities available to be exploited by newly formed species. However, declining diversification in their model was caused directly by a decreasing speciation rate as the environment filled with species. In real clades, ecological modulation of both speciation and extinction rates probably contributed to the changes in diversification seen over their histories. The absence of diversity-dependent speciation from the present metacommunity model may be one reason why the g values generated by the model were not as negative as those seen in real trees. Disentangling speciation and extinction rates from phylogenetic patterns is largely a futile empirical exercise (Paradis 2004) , and so it may be impossible to partition the relative contributions of diversity-dependent speciation from the ecological modulation of extinction.
Moreover, close considerations of the real and apparent speciation and extinction rates in the metacommunity model highlight even more fundamental problems with these interpretations. The phylogenetic dynamics of the metacommunity model recorded the decrease in the "apparent" speciation rate because only lineages that persist to the end of the simulation (i.e., the present) are recorded in the phylogeny. The persistence of these lineages is recorded as the slowing of the apparent diversification rate (i.e., ), which requires the persistence of old lineages g ! 0 and old species into the present. Thus, the functional form of speciation rate inferred from the phylogenetic dynamics provided a substantially false impression of the true form and rate of speciation that generated assemblages in the metacommunity model. This is probably also true for the real phylogenies.
Likewise, the true extinction rate was very different from the "apparent" extinction rate recorded in the phylogenies under these conditions in the metacommunity model. During the niche-filling phase, the real extinction rate was relatively low because most new species were usually ecologically well differentiated from their progenitors and would find unexploited areas of the gradient. Once the gradient was relatively full, most new species were quickly driven to extinction. Hence, the true extinction rate actually increased greatly during the species replacement phase. However, species replacements were the only extinction events that would influence the phylogenetic signal, and this apparent extinction rate due to species replacements was low enough to retain the signal of slowing realized speciation rates in the historical record written into the phylogeny. It is interesting to note that the fossil histories of many real clades have large numbers of "singleton" taxa-those represented in the fossil record by only one or a few occurrences (e.g., Alroy 1996; Foote and Raup 1996; Stanley 2008) . These singletons are usually taken as evidence of the imperfection of the fossil record, and such taxa are usually excluded from analyses of fossil patterns (justifiably so in most cases; e.g., Foote et al. 2007 ). However, the metacommunity model results suggest that fossil singletons should be common and represent the many species that originate but are then quickly driven to extinction during the species replacement phase of a clade's diversification (see also Stanley 2008) .
These differences in real and apparent speciation and extinction rates in the metacommunity model underscore the false impression one obtains from taking the dynamics revealed in molecular phylogenies at face value. As an anonymous reviewer of this article astutely observed, "This raises significant questions about what we even mean by an extinction rate or a speciation rate in the context of the birth-death model. Is the extinction of incipient species in the author's patch dynamic simulations really an extinction event? Or is it the failure of a speciation event?" Moreover, these differences argue that we cannot understand the true macroevolutionary dynamics of systems by ignoring the ecological interactions in which those taxa are engaged. These considerations also highlight the fact that fossils and molecular phylogenies record different types of information about clade diversification, and reconciling the information in these two data sources may be a very productive avenue for understanding the processes governing diversification (e.g., McPeek 2007; McPeek and Brown 2007) .
A substantially smaller but significant fraction of real clades in the data set showed phylogenetic patterns of ( fig. 3A ). All four major taxonomic groups were g 1 0 represented among the real phylogenies in this area of parameter space. Models of lineage-specific speciation and extinction rates would suggest that these clades have had high speciation and extinction rates. High coupled speciation and extinction rates would exaggerate the difference in slope between the major portion of the LTT plot, where the slope is expected to be speciation rate minus extinction rate for most of the clade's history, and the most recent part of the LTT plot, where the slope is expected to be equal to just the speciation rate (Nee et al. 1994a) . However, patterns apparent in the LTT plots for many of the real clades argue against these clades having high extinction rates as a result of species turnover. Specifically, visual inspections of the LTT plots for these clades show that many have clear signatures of rapid lineage accumulation rates at their inception, followed by a slowing and then a very rapid reacceleration in the very recent ( fig. 3B ). For example, the three clades with the most positive g all showed this pattern: Enallagma damselflies ( ; Turgeon et al. 2005) , Vidua finches ( g p 4.96 g p ; Sorenson et al. 2004) , and the Krameria herbs and 4.10 shrub species ( ; Simpson et al. 2004 ; fig. 3B ). The g p 3.19 upturn of lineage accumulation in the very recent dominates the calculation of g in these cases, but the fact that the initially rapid diversification signal is still clearly evident in their LTT plots suggests low overall extinction rates over the histories of these clades (Weir 2006; Rabosky and Lovette 2008) , which in turn suggests that the metacommunity model may be a better explanation for their recent upturn in lineage accumulation rate.
In the metacommunity model results, phylogenies with were generated when the degree of ecological difg 1 0 ferentiation at the time of speciation was very small (i.e.,
). Speciation modes that generate reproduc- * j p 0.0001 E tive isolation without significant ecological differentiation (e.g., speciation via sexual selection, changes in genital morphology, autotetraploidy, chromosomal rearrangements) should be most prevalent in these clades. In this area of parameter space, the true extinction rates were greatly slowed by the ecological similarity between new species and their progenitors (McPeek 2007) . In addition, because the time to extinction is exceedingly long for competing species that are ecologically very similar to one another, even species that were ultimately being driven to extinction would remain in the system for very long times. In other words, the shift to a high frequency of young species and lineages was due mainly to the increased time to remove ecologically inferior species from the system (McPeek 2007) . Also, these model assemblages consisted of many ecologically very similar species that occupied only a very narrow portion of the available ecological gradient and thus displayed a structure that would permit "neutral ecological drift" to dominate community structure (although stochastic dynamics were not incorporated into the model presented here; Hubbell 2001). Most species at any given time were transients that were slowly being driven to extinction by species interactions, and only a very few species were actually coexisting in the theoretical sense (McPeek 2007) .
We know little about the ecological contexts or the reasons for diversification in many of the real clades with large positive values of g. However, our work on the diversification of Enallagma damselflies, the clade with the most positive g, does support the interpretations based on the metacommunity model results. Enallagma radiated across the Holarctic to more than double in lineage richness over the past 250,000 years (Turgeon et al. 2005) . Terminating the Enallagma LTT plot at 250,000 years ago gives (this value is, however, not quite statisg p Ϫ1.37 tically significant on its own for a one-tailed test; P ! ). Although some of the recent speciation events were .09 also clearly the result of ecological diversification, most involved morphological alterations of mating structures involved in species recognition and little else (McPeek and Brown 2000; Turgeon et al. 2005; Stoks and McPeek 2006; McPeek et al. 2008) . Moreover, if the deep period of rapid diversification was caused by exploiting new ecological opportunities, and if rapid recent diversification was driven primarily by reproductive differentiation without ecological differentiation, major subclades within the genus should be substantially ecologically differentiated from one another, but little to no ecological differentiation should exist within subclades for species that are sympatric. We are currently testing these predictions in field experiments evaluating coexistence and the strengths of species interactions. Like Enallagma, most clades probably diversify by more than one mode, and so the signal that is apparent in their phylogenies will represent an integration of the ways, times, and rates that various lineages within the clade have come into being and have become extinct.
The relative frequencies of real clades along the gradient of g ( fig. 3A ) also may not represent the real distributions because of biases in what clades are subjected to the types of molecular systematics analyses that met our criteria for inclusion. For example, highly diverse clades that radiated very rapidly and very recently (e.g., African lake cichlids) will show almost no phylogenetic resolution at the species level using DNA sequence data (e.g., Albertson et al. 1999 ). Also, molecular systematic studies of highly diverse clades frequently include only a small percentage of the total species in the clade and bias their taxon sampling so that representatives of all major lineages are present for the phylogenetic analysis (which will also provide incorrect estimates of lineage accumulation over the histories of clades; Nee et al. 1994a; Pybus and Harvey 2000) . Both of these factors would bias against clades with patterns of rapid and recent radiations being represented in the data set and so may account for the apparent overrepresentation of clades with . The other obvious potential bias g ! 0 is the paucity of very old clades in the data set. Although the oldest of the time-calibrated clades had a last common ancestor dated to 89 million years ago, 50% had root nodes that date to ≤8 million years ago, and 90% had root nodes dating to ≤26 million years ago. Here again, the inclusion of more species is the greatest impediment to extending the age of the root node for any systematic study.
Although patterns that can be gleaned from phylogenies and fossils are instructive, we must also match these de-scriptive patterns with (1) field experimental results identifying the ecological processes regulating the population dynamics and community membership in these clades and (2) the phenotypic diversity of ecologically important characters that make them successful or unsuccessful in the face of these regulating processes to validate the predictions of the metacommunity model. The metacommunity model makes clear predictions about the types of community structures that should be apparent in clades with different g's. Clades with should have species g ! 0 that are well differentiated ecologically from one another and from other members of the communities in which they are embedded; that is, coexistence mechanisms should predominate in regulating their abundances and places in ecological communities (Chesson 2000) . Coexistence requires species to possess different phenotypes that make them differentially successful in the various ecological processes that contribute to regulating their abundances (Chesson 2000) . Thus, these clades should also display large disparities among species in ecologically important phenotypes, specifically those phenotypes that foster coexistence and not just any character that influences survival and reproduction (Leibold and McPeek 2006) . Such ecological disparities may also be expressed at the level of species ranges: species in these clades may show a relatively high degree of allopatry from one another.
In contrast, clades with should have species that g 1 0 are poorly differentiated ecologically from one another and from other members of the communities in which they are embedded; that is, these are the taxa that should show characteristics of ecological drift in assemblage structure (sensu Hubbell 2001) . This should result from species being very similar to one another in ecologically important phenotypic characters; many species in these clades may be distinguishable only by characters associated with breeding (e.g., Enallagma damselflies [McPeek et al. 2008] , African rift lake cichlids [Seehausen et al. 1997; Ready et al. 2006] ) and may potentially contain a high proportion of cryptic species (Henry et al. 1999; Witt and Hebert 2000; Gomez et al. 2002; Pfenninger and Schwenk 2007) . They should also have greater range overlap because of their similarity in ecological requirements. Such features are certainly true for the Enallagma damselfly clade, which has the most positive g (McPeek and Brown 2000; Donnelly 2004; Stoks and McPeek 2006; McPeek et al. 2008) , and experimental analyses of other clades with these phylogenetic parameters would provide strong tests of these predictions.
Patterns of biodiversity were generated by past macroevolutionary processes that shaped the dynamics of speciation and extinction and are currently maintained by ecological processes that define the distributions and abundances of species today. Just as the ecological processes in the past strongly contributed to defining the past macroevolutionary processes, today's ecological processes structure macroevolutionary dynamics going forward. The analyses presented in this article strongly suggest that macroevolutionary diversification cannot be understood in an ecological vacuum that ignores the communities and landscapes in which clade members are embedded. Likewise, the assembly and resulting structure of biological communities cannot be understood in a macroevolutionary vacuum that ignores the processes generating the species being assembled (McPeek and Brown 2000; Webb et al. 2002; Cavender-Bares et al. 2004 Stoks and McPeek 2006) . More directly integrating the mechanisms of community ecology and macroevolution will allow us to better understand patterns in the distributions and abundances of species over long timescales.
